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Abstract 
Frost growth on heat exchanger surfaces in refrigeration and air conditioning systems has posed a challenge 
to heat transfer engineers for decades.  Frost buildup causes an increase in the airside pressure drop and thermal 
resistance, yielding a substantial decrease in operational efficiency.  Significant prior work has been aimed at 
understanding frost growth on a flat plate, but little research has been done to investigate leading-edge and trailing-
edge effects on frost formation.  The focus of this research is on extending existing models of frost growth to include 
these effects.  The new model predicts frost thickness, frost density, and interface temperature for a fin under 
specified thermodynamic conditions.  The model predictions are compared to experimental data, and the model is 
found to predict the data to within the measurement uncertainty.   
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Chapter 1:  Introduction and Literature Review 
Introduction 
Flat plate heat exchangers typically see a large airside frost buildup during operation.  Frost has a 
deleterious impact on the thermal performance of the heat exchanger.  Therefore, engineers have sought frost 
management strategies to improve heat-exchanger performance. 
Frost is best described as a matrix of ice, which forms due to branching of individual ice crystals, with the 
interstitial space filled with moist air.  Because it contains many air gaps, the frost is highly porous, but the porosity 
changes throughout the frost layer, making it difficult to predict average properties for the frost layer.  The frost 
density at any location in the frost layer changes continuously during the development of the frost layer.  The 
temperature of the frost-air interface also varies with position and time.  Frost growth is complex. 
Despite difficulties in modeling, due to the changing frost properties, a few frost models have been 
developed that predict experimental data with reasonable success.  However, there is still a need for a model that can 
predict frost growth on a finned surface for a wide range of environmental conditions.    
Classification and Early Growth  
It is important to understand the early frost growth period, because the frost crystals that form during the 
early growth stage are the foundation upon which subsequent frosting occurs.  This section introduces some 
terminology used to describe frost evolution, and it provides a discussion of the early growth stage. 
Hayashi et al. (1977) originally classified frost growth into three stages: "crystal growth period," "frost 
layer growth," and "frost layer full growth period."  During the crystal growth stage, ice crystals grow away from the 
cold surface.  The crystals are relatively far apart and show little interaction.  As the process continues, the crystals 
grow and branch together to form a layer.  Now the frost is characterized as "frost layer growth."  "Full layer frost 
growth" occurs when the surface temperature of the frost reaches 0oC.  Continuous cycles of melting and refreezing 
occur at this temperature.  These cycles abruptly increase frost layer density. 
Tao, Besant, and Mao (1993) used two transition times to explain the early frost growth stage (Figure 1.1).  
The frosting process reaches t tr,1 when the subcooled water droplets have frozen.  After the first transition, ice crystal 
growth can be modeled as one-dimensional column growth.  The second transition time (t tr,2) occurs once the 
crystals have branched together to form a porous medium.  After the second transition time, the frost can be modeled 
as layer growth. 
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Figure 1.1.  Definition of early stages of frost growth on a cold plate - Tao, Besant, and Mao (1993). 
Tao, Besant, and Mao also obtained experimental data by using a 100X magnification microscope to take 
pictures of the frost during its early growth.  From analyzing the data, they hypothesized that t tr,1 is longer for higher 
plate temperatures.  The second transition time was found to increase with cold plate temperature, and to decrease 
with increasing relative humidity.  The value of t tr,1 was typically less than one third of t tr,2.   
Georgiadis et al. (1994) employed a new technique to measure early frost growth.  By using a Scanning 
Confocal Microscope (SCM), they were able to construct 3-D images of growing frost crystals.  Qualitative 
observations were made concerning frost inception and growth.  Goergiadis et al. used digital image analysis in 
conjunction with the Scanning Confocal Microscope to discern areas of frost nucleation and measure crystal size.  
The area of frost crystals was found to grow linearly with time during the early growth stage.  The diameter of 
individual crystals was found to be dependent upon the square root of growth time.   
Sahin (1994) and many other researchers noticed a linear relationship between frost height and time for the 
crystal growth stage.  As a result, many linear growth models have been developed to explain early growth.  One 
such model predicts the thermal conductivity of developing frost (Sahin, 2000).  The frost is modeled as individual 
ice crystals that grow as columns.  Thermal conductivity is given as a function of cold plate temperature, air 
temperature, Reynolds number, and absolute humidity. 
Hoke (2001) observed a relationship between frost thickness in the crystal growth and layer growth stages.  
Hoke grew frost on hydrophobic and hydrophilic substrates.  He concluded that during the crystal growth stage, the 
hydrophilic substrate yielded a thinner frost than the hydrophobic surface.  However, for frost layer growth, the 
opposite was true.  This change in growth trend from the early growth stage to the mature growth period was 
attributed to the early growth being an initial condition for layer growth.  This change in growth trend may be 
explained by considering the mass transfer flux at the frost-air interface:  
( )svvmf hm ,, rr -= ¥  (1.1) 
On the right hand side of Equation 1.1, all parameters remain constant except the density of water vapor at 
the frost surface.  The initially high thermal conductivity of frost grown on a hydrophilic surface yields a lower 
temperature gradient across the frost layer, and thus a lower surface temperature for a given plate temperature.  The 
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vapor density at the frost surface will also be lower for the hydrophilic case, because rv,¥ behaves like the frost-air 
interface temperature.  Therefore, the mass flux to the frost layer grown on the hydrophilic surface is increased 
(Equation (1.1)), and the density and thickness of the frost layer will increase due to this additional mass flux.  
Layer Growth 
Much work, both experimental and analytical, has been aimed at understanding how frost grows as a layer.  
If layer growth can be understood, then it is possible that frost can be managed to increase heat exchanger 
efficiencies.  It is clear that increasing the humidity of the air stream or temperature difference between the fin cold 
plate and air will increase frost deposition rate.  Also, increasing the cold plate temperature so that the surface 
temperature of the frost is near 0oC increases the frost density.  Many models have been proposed that capture the 
basic physics of frost growth.  However, not much work has been directed toward analyzing frost growth on 
geometries other than a flat plate or channel flow. 
Early research focused on developing expressions for frost thermal conductivity.  Coles (1954) 
experimentally determined a relationship between the thermal conductivity and density of packed snow on aircraft 
wings.  The snow density was also related to Mach number of the airstream.  Density was found to increase from 
380 kg/m3 to 500 kg/m3 as Mach number was increased from 0.45 to 0.84. 
Yonko and Sepsy (1967) developed a theoretical model for the conductivity of frost by modeling frost as 
spherical ice particles surrounded by air.  The analysis was similar to Woodside's model (1958) for the calculation of 
the thermal conductivity of a porous medium.  They assumed that air pockets in the frost layer are small enough that 
convection heat transfer can be ignored.  When comparing their theoretical correlation to empirical results, they 
noticed that their model under-predicted conductivity, and they attributed this discrepancy to the thermal 
conductivity being a function of other factors besides density that influenced the macroscopic frost structure.  Shape 
and orientation of individual frost crystals were both considered to affect the conductivity.  For Yonko and Sepsy's 
experimental data, a plate temperature change of 17.5oC increased the thermal conductivity (on average) by 38%.  
An increase in relative humidity from 55.2% to 78.1% increased frost thickness by approximately 28%.  For an 
increase in velocity from 1.37 m/s to 5.28 m/s, thermal conductivity increased 150%. 
Ostin and Andersson (1990) give a good discussion of various frosting trends for frost growth on a flat 
plate.  They used experimental research to determine the effects of temperature, humidity, and air velocity on frost 
thickness and density.  Frost thickness was found to increase by 86% when the relative humidity was increased from 
30% to 75%.  Thickness was found to decrease by 99% when the cold plate temperature was increased from -20oC 
to -7oC.  Frost thickness was not dependent on air velocity; however, the density of the frost layer was found to 
increase substantially with air velocity.  When testing conditions were set so that the air stream humidity was ³ 50% 
and the plate surface temperature was ³ -10oC, an "abrupt" densification of the frost layer was observed.  This 
behavior was attributed to melting at the frost surface, causing water to wick into the frost layer.  Melt, refreeze 
cycles due to the surface temperature of the frost reaching 0oC is a common explanation for this condition 
(Trammel, 1967; and Aoki, 1983). Under all other testing conditions, the growth was termed "monotonic".  
"Monotonic" frost growth was characterized by the water vapor contributing equally to frost thickness and density.  
For "monotonic" frost growth, the density and thickness were found to be related by White's simple model (1973): 
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Storey and Jacobi (1999) developed a physical model describing frost growth that is similar in final form to 
White's model.  The frost height as a function of time is given by: 
t=G  (1.3) 
.
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=  
The dimensionless Fourier number contains the time variable.  Therefore, the height of the frost layer was found to 
be proportional to the square root of the time that it has been growing.  Equation (1.3) was developed by performing 
a scale analysis on Equation (1.4), the frost surface energy balance.   
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Naturally, mass conservation was also used in the model development.  A full description of this model will be 
presented later, as it is used extensively in this thesis.  For now, it is useful to know that the Storey and Jacobi model 
predicts their experimental data well for t  > 0.1.  As a result, they hypothesized that layer growth begins at t  
= 0.1 ± 0.08. 
Tao, Besant, and Rezkallah (1993) developed a mathematical model to describe frost densification and 
deposition.  The model was formulated for the fully developed frost growth stage.  The model uses a local volume-
averaging technique to predict density and temperature variations within the frost layer as functions of position and 
temperature.  Results from the model show that the frost density distribution in the full growth period largely 
depends on the distribution during the early growth period.  Also, the maximum densification rate occurs near the 
warm side of the frost layer.  It was determined that the frost-air interface temperature and the vapor density do not 
change once the Fourier number reaches a certain transition value.  This transition Fourier number depends on the 
plate surface temperature.  
Le Gall and Grillot (1997) also proposed a model that uses a volume averaging technique to model frost 
growth.  Melting at the frost-air interface and a non-uniform density distribution were taken into account in the 
model.  However, their model did not match their experimental data without altering the water vapor diffusion 
coefficient.  The discrepancy between the experimental data and model was assumed to be a result of the change of 
phase within the frost layer driving mass transfer and break-up of the fragile frost layer due to extensive mass 
transfer. 
Many other models such as Brian et al. (1970) have also been proposed.  Unfortunately, none of these 
models analyze heat exchanger fins.   
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Finned Surfaces 
Since many heat exchangers employ fins to increase efficiency, it is surprising that so little work has been 
done analyzing frost formation on extended surfaces.  In fact, Tao, Mao, and Besant (1994) published one of only a 
small number of works that attempt to explain the effects of leading and trailing edges on frost growth.  They 
studied early frost growth on an 18 mm long fin by taking snapshot pictures of the frost 1 mm away from the leading 
edge.  An increase in density of the frost was assumed when the fin temperature was increased from -15oC to -9oC, 
because the frost particles became smoother and rounder as they grew.  The leading edge was also assumed to have 
the largest density and frost thickness.  In contrast, the frost growing at the fin midpoint (9 mm) had larger, more 
fragile crystals that were growing with a directional bias in the direction of the airflow.  The frost located at the 
trailing edge looked similar to the leading edge growth, but the density and thickness appeared to be lower.  This 
qualitative analysis was the extent of the fin growth research.  No quantitative data were obtained and the growth 
trends documented were purely based upon observations of the changing frost appearance. 
Mao, Besant, and Rezkallah (1992) also analyzed frost as a function of distance from the leading edge, but 
on a much larger scale than Tao, Mao, and Besant.  The study examined frost growth on a 600 mm long by 280 mm 
wide flat plate (not a fin) with a surface roughness of 0.36 mm.  The flow over the flat plate had an absolute 
humidity near 0.007 kg/kg.   The flow stream was turbulent with an inlet channel Reynolds number range of 3000 < 
ReDH < 7000.  A large amount of data was collected. Frost thickness was measured as a function of distance from the 
leading edge, growth time, and cold plate temperature.  For the three plate temperatures analyzed (Tb = -5
oC, -10oC, 
and -15oC), frost thickness at 60 mm from the leading edge was found to be greater than thickness 150 mm away up 
to a time of 90 minutes.  At times greater than 90 minutes, the thickness increased with downstream distance until 
around 380 mm.  After 380 mm, the thickness typically decreased.  Increasing flow velocity was found to increase 
frost thickness until a critical Reynolds number of 4000 was reached.  After Re = 4000, the frost thickness was 
found to be independent of Reynolds number.  In contrast to the thickness, mass concentration (mass of frost divided 
by surface area of frost) was always greatest at the leading edge.  Velocity had an effect on mass concentration until 
a critical Reynolds number of 7000 was reached.  For Re > 7000, the mass concentration was not a function of 
velocity.  Also, the heat flux was determined to be largest at the leading edge.  Using their experimental data, Mao, 
Besant, and Rezkallah developed correlations for a few frost variables.  However, they noted that their equations are 
only approximations and should be used solely for comparisons or estimates.  The equations do not capture the 
complicated physics.  The authors also noted that the frost thickness and mass concentration at the leading edge did 
not seem to be related to the leading edge heat transfer (measured by temperature distribution within the test 
surface).  This find was unexpected, because the results indicated a strong relationship between heat and mass 
transfer.  
Chen, Thomas, and Besant (2000a,b) proposed a model for heat exchanger fins.  Details of the model 
development are first dis cussed, and then model validations and limitations are explained.  The physical, numerical 
model is based on a 2-D heat conduction model for each fin and a frost layer growth model grounded on physical 
principles.  The growth model is dependent on many factors, including the local volume fraction of ice within the 
layer, effective thermal conductivity of the frost, and heat and mass transfer coefficients for the airstream.  The 
initial volume fraction of ice within the frost was assigned as a function along the fin, in order to obtain the best 
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match between experimental data and model results.  The effective frost thermal conductivity and local heat transfer 
coefficients were determined from empirical correlations from the literature.  Frost roughness and pressure drop 
across the heat exchanger were also taken into account.  The model fits Chen, Thomas, and Besant's experimental 
data quite well within the specified ranges (-20.8 oC < T¥  < -13.5
oC and -39oC < Tfin < -31
oC).  However, this might 
be partly due to their choice of an initial ice fraction as a function of fin position.  One major limitation of the model 
is that it does not agree well with the experimental data near the leading edge (X* < 0.27).  For X* < 0.27, the 
experimental frost thickness was almost always thinner than the model predicted thickness.  This thinner frost layer 
at the leading edge was attributed to sublimation from the fin tip due to the process of measuring the frost thickness 
and airflow channeling near the leading edge as the flow through the fins was contracted from frost buildup on the 
fins.  The contracted airflow near the leading edge was assumed to result in higher local air speeds, which decreased 
frost roughness and skin friction.  Less frost growth occurred at the leading edge, because the frost was assumed to 
be smoothed out more at the leading edge than at other fin locations. 
Objectives 
The frosting literature has primarily focused on obtaining experimental data and developing frost growth 
models for the case of flow over a flat-plate channel wall.  Adding a fin to the flat plate geometry changes the flow 
characteristics and the resulting frost formation, primarily through leading-edge and trailing-edge effects.  Models 
are needed that can predict frost layer thickness, density, and other relevant parameters across the entire fin 
(including the leading edge).  Developing frost growth models that predict the transient frost growth on a plain fin is 
the main objective of this research.  Simultaneously, quantitative data need to be obtained in order to help validate 
the model. 
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Chapter 2:  Experimental Apparatus, Setup, and Procedure 
Wind Tunnel 
All experiments were conducted using the wind tunnel section shown in Figure 2.1.  Before entering the 
test section, airflow passed through a honeycomb in order to keep the flow profile uniform.  Next, the flow was 
contracted to the test section dimensions of 50.8 mm wide by 12.7 mm high.  Just downstream of the contraction, 
the air-stream passed through a 632 mm long flow development section and then entered the test section.  In the test 
section, turbulence intensity measurements were recorded for the air stream using hot wire anemometry.  At a 
velocity of 1 m/s, the turbulence intensity was found to be below 2.5%.  Downstream of the 260 mm long test 
section, the rate of the airflow was measured with a standard ASME orifice plate (Storey, 1997).  Then, the air was 
returned to the beginning of the loop. 
A closed loop cooling process was employed to cool the test section plate.  A glycol-water supply flowed 
from the chiller through an aluminum passageway underneath the test section.  Thermal paste was used to obtain a 
good thermal connection between the aluminum passage and a copper plate.  The copper plate provided a uniform 
temperature for the test section surface.  After flowing through the aluminum passageway, the glycol returned back 
to the chiller.   
 
Figure 2.1.  Experimental test channel, Storey and Jacobi (1999). 
A 15 mW He-Ne laser beam system was set up above the test section in order to obtain the thickness of the 
frost growing off the side of the fin.  The laser beam entered a series of convex and cylindrical lenses, which 
transformed the beam into a vertical sheet.  This vertical laser sheet was steered down to the test section by a mirror 
positioned directly above the test plate.  A mirror at 45o from the horizontal was then used to shine this laser sheet 
off of the frosted fin (Figure 2.2).  The sides and top of the test section were made of clear acrylic, so that the laser 
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could be transmitted through the side wall.  A CCD camera, located above the test section, was used to record the 
frost thickness profile as the frost grew from the fin surface.   
Test Fin and Camera Setup 
The fin section shown in Figure 2.2 was used for all experiments. 
Camer
a Laser 
Sheet 
Air   T¥, Re, RH 
Mirro
r 
 
Figure 2.2.  Fin orientation, setup. 
The copper fin was 0.33 mm thick, 8.5 mm tall, and 140 mm long.   It was positioned in the middle of the test 
section plate and was aligned parallel to both acrylic walls.  Conductive paste was used to join the base plate (thin 
plate that the fin was soldered to), to the copper test section plate.  Insulation with a thickness of 2.5 mm was affixed 
to the copper base plate on both sides of the fin, to minimize frost growth on the base.  Insulation was used on the 
fin's base in order to keep the laser line from being obstructed by frost growth before reaching the fin.  Insulation 
with a thickness of 5 mm was used underneath the acrylic test section sides to keep the side walls from fogging.  
Frost thickness data were obtained by taking one picture every 100 seconds throughout each two-hour experiment.  
As frost grew on the fin, the laser line moved horizontally and the camera was used to capture this displacement of 
the laser line.  A discussion of the data analysis is given in Appendix A. 
Unfortunately, the field of view of the CCD camera was not large enough to see the entire fin at once, and 
the laser line did not stretch across the entire fin.  Therefore, separate experiments were run to obtain data at the 
leading and trailing edges respectively.  Thickness data were obtained for a span of approximately 50 mm from the 
leading or trailing edge, depending on the experiment. For all experiments, images of the frost growing with time 
were recorded. 
Instrumentation 
The hardware used in conjunction with Labview software to obtain temperature and humidity 
measurements consisted of a terminal block, multiplexer, chassis, and data acquisition card.  All of the data channels 
passed from the terminal block to the multiplexer, and then to the data acquisition card within the computer.  The 
chassis was used to house and give power to the multiplexer and terminal block. 
 9 
The terminal block, which contained all of the temperature and humidity channels from the test section, 
connected directly to the multiplexer.  The differential channel multiplexer could condition up to 32 channels at one 
time at a scanning rate of 250 kHz.  It could also amplify signals with gains up to 2,000.  The multiplexer had an 
overvoltage protection of ± 25 V and was used to combine all of the input channels into a single channel for the data 
acquisition card. 
The 16-bit resolution data acquisition card received the conditioned, amplified signal from the multiplexer.  
It was capable of handling 16 analog inputs at a time and writing the data to disk at rates of up to 200 kS/s.  Labview 
software was used in conjunction with the system hardware to scan the temperature and humidity data at a rate of 
1kHz.  These data were averaged at a rate of 3000 averages per scan.  The Labview software triggered 20 readings 
from each instrument for sampling intervals of approximately 30 seconds.  The readings were averaged and recorded 
for each sampling interval throughout the experiments.  
In order to acquire temperature data for each experiment, type-T thermocouples were positioned at different 
locations in the test loop.  Eight thermocouples were mounted to the surface of the thin copper plate directly above 
the glycol cooling supply; four thermocouples were positioned to obtain the temperature of the air stream in the flow 
development section; and four more thermocouples were placed within a 0oC ice bath.  The ice bath thermocouples 
provided a reference junction voltage.  The entire system was calibrated using an is othermal bath. 
The uncertainties of the environmental parameters are given in Table 2.1. 
Table 2.1.  Range and uncertainties of test parameters. 
Parameter Range Uncertainty 
Tfin -26 to -12
oC 0.60oC 
T¥ 14 to 20
oC 0.26oC 
RH  ~ 50% RH 2% RH 
Re 1100 to 1750 2.40% (Hoke 2001) 
 
The Reynolds number range was similar to the range used by Hoke (2001) on the same experimental apparatus.  
Therefore, the uncertainty in Reynolds number was assumed consistent with the range found by Hoke. 
Procedure 
Before starting any of the experiments, the system temperatures and humidity were allowed to settle near 
their steady state values.  A setup procedure was followed before beginning each experiment. 
 
1. Conductive paste was applied to the base plate and the thin copper plate above the cooling 
passageway.  The fin was positioned in the middle of the test section (with edges parallel to the 
acrylic walls).  
2. The acrylic sides and top were cleaned and placed in the correct location.   
3. The laser beam system was positioned such that the laser sheet contacted the desired location of the 
fin approximately 1.5 mm from the top of the fin.  The camera was focused and adjusted to obtain a 
sharp image at the desired location. 
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4. The acrylic top of the test section was removed, the fin and base were cleaned with ethyl alcohol, 
and a calibration block was placed next to the fin (Figure A.1) so that the laser contacted the block.  
The step size of the calibration block was known, so the number of pixels for each picture could be 
related to the step height (Appendix A).  The acrylic top was put back on and a calibration image 
was taken. 
5. The calibration block was removed and the fin and top of the base plate were cleaned once again.  
The top of the test section was put back on top of the sides and the sides of the test section were 
sealed with tape.  A reference picture of the fin with no frost on it was obtained. 
6. The system was checked to make sure that it had reached steady state.  Steady state was assumed to 
prevail when the free-stream relative humidity was within 1% of the desired relative humidity for at 
least ten minutes and the temperature of the cold plate was within 3oC of the air temperature. 
7. The velocity through the test section was measured using a micrometer to find the pressure 
difference across the test section.  The pressure difference was later used to calculate the air flow 
rate. 
8. The Labview software was initiated to start logging data for the experiment; the image software was 
set to time the camera to capture images throughout the experiment; and valves to the glycol-water 
cooling supply were opened to allow the experiment to begin. 
 
During the course of the experiments, data were logged as described earlier.  The experiments were 
checked periodically to make qualitative observations regarding the frost growth.  
When the experiments were completed, density measurements were recorded at the leading edge, 1 inch, 2 
inches, 3 inches, and 4 inches from the leading edge, and at the trailing edge.  These measurements were taken with 
hollow steel cylinders that had a 5 mm internal diameter.  The cylinders were pressed into the side of the fin, in 
order to obtain a cylindrical sample of ice to weigh.  After punching the cylinders into the frost, the cylinders were 
individually placed into small weighing trays, which were then weighed (cylinder, frost in the cylinder, and tray).  
The mass value was recorded and the cylinders and trays were dried thoroughly and weighed once again to acquire 
the dry weight.  This dry weight was subtracted from the initial weight in order to obtain the frost mass.  
Frost masses were later converted to density by dividing the mass by the internal area of the cylinder and 
the final frost thickness found at each particular fin location where mass measurements were made.  Not all final 
frost thicknesses were known, because the laser beam did not span the entire length of the fin.  Nonetheless, average 
density values could be obtained for a set of leading edge and trailing edge experiments, by averaging the frost 
thickness at different positions and using this average thickness in the density calculation.  Mao, Besant, and 
Rezkallah (1991) used a similar method of measuring frost density.  They estimated uncertainties of ±3% in density 
for a frost thickness of 2.3 mm.  This method of punching cylinders into the frost layer seems less erroneous than 
scraping the frost off of the fin, because an ice-like frost formation is difficult to scrape off of a flat surface in a 
repeatable fashion. 
A discussion of how frost thickness data were obtained from the frosting pictures is presented in Appendix 
A.   
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Chapter 3:  Model Description 
This section describes the three physical models that were developed to describe frost growth on a finned 
surface.  EES codes for the models are provided in Appendix B.  The first model is Storey and Jacobi’s flat plate 
frost growth model (1999).  This model was not developed for frost growth on a fin; however, it predicts fin frost 
formation quite well.  The Storey and Jacobi model assumes that Ts = 0
oC for all frosting times.  The second model 
is a modification of the Storey and Jacobi model to incorporate Ts(t) into the model.  It uses the fundamental 
equations of the Storey and Jacobi model.  The third model uses Ts(t, X*) in the calculation of the frost thickness 
and other relevant parameters.  Like the Ts(t) model, the Ts(t, X*) model is an extension of the Storey and Jacobi flat 
plate model.  Because the surface temperature is evaluated as a function of position, the Ts(t, X*) model predicts a 
non-flat frost profile across the fin.  A comparison to the experimental data is given for all three models in 
Chapter 5.  The development of the Storey and Jacobi model will be discussed first, because it is the simplest model 
and the basis of the other models.   
Storey and Jacobi Model (1999) 
The Storey and Jacobi model is based on both an energy and mass balance at the frost surface.  The energy 
balance assumes that the heat flux conducted through the frost layer is equal to the surface flux from convection and 
ablimation, as shown schematically in Figure 3.1. 
 
qcond 
qmass qconv 
 
Figure 3.1.  Schematic of the frost layer surface balance. 
Equation 3.1 gives the surface energy balance, 
massconvcond qqq +=  (3.1a) 
or 
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The constitutive relation for convective mass transfer is  
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Using experimental data from Hayashi (1976), Storey and Jacobi noted that the thermal conductivity of frost is a 
function of frost density, but also depends on the environmental conditions, and they suggested 
.ffof kk br+=  (3.4) 
The constant k fo is dependent upon the environmental conditions, but independent of the frost density.  The slope, 
b, is constant for many conditions.  Equation (3.4) is valid for most frost layer growth applications, but breaks down 
at very high or low densities. 
The next step to the Storey and Jacobi model is to scale Equations (3.1b), (3.3), and (3.4).  In scaling 
Equation (3.4), the thermal conductivity of frost is assumed to be proportional to the constant b multiplied by the 
frost density, because as time progresses br f >> k fo.  The result using Equation (3.2) is:  
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where 
finsfr TTT -=D , (3.6) 
sTTT -=D ¥¥ , (3.7) 
and 
.,, svvv rrr -=D ¥  (3.8) 
Equation (3.5) is then modified by introducing the heat and mass analogy 
.1 npaam Lechh
-= r  (3.9) 
The variable n was set equal to 1/3, following the power of the Prandtl number dependence in a zero-pressure-
gradient boundary layer flow. 
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The dimensionless Fourier and Jakob number are used for convenience, along with the other dimensionless 
relations given below:   
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It can be shown that the frost Biot number, h ×df/kf, can be rearranged in terms of the dimensionless parameters 
introduced above; it will then take the form: 
( ).3/2
3/2
f+×Q
×
=
LeJa
LeJa
Bi  (3.11) 
Using this dimensionless representation, Equation (3.5) can be written compactly as 
t=G  (3.12) 
where, the environmental time, t is given as 
.
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The Storey and Jacobi model can be solved for frost thickness as a function of time, d(t), if the necessary 
environmental inputs (T¥, Tfin, Patm, RHa) are known.  Note that the heat and mass transfer coefficients do not need 
to be calculated, because they cancel when the heat and mass analogy (Equation (3.9)) is substituted into Equation 
(3.5).  All of the vapor densities can be found as functions of the environmental inputs.  The constant b was 
experimentally found to be 8.7×10-4 Wm2/kgK (Jacobi et al., 2000).  This value of b is assumed to be a constant for a 
wide range of environmental conditions (Storey and Jacobi, 1999).  The value of 8.7×10-4 Wm2/kgK is an excellent 
estimate of b for the current fin growth experiments, because environmental conditions of Storey and Jacobi are 
very similar to the conditions for the current research. 
This model shows how environmental conditions and time affect the thickness of the frost layer.  Storey 
and Jacobi note that this model is only valid for t  > 0.1, because for small environmental times, the frost is in its 
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early growth stage and the layer surface balance in the form of Equation 3.5 does not apply.  For t  > 0.1, the 
model predicts the experimental data very well (Figure 3.2).   
In analyzing their data, Storey and Jacobi assumed that the surface temperature of the frost layer was 0oC in 
all cases.  This assumption was made, because data from other researchers show that the surface temperature 
asymptotically reaches the freezing point at large times. 
 
Figure 3.2.  Experimental data for frost growth in a laminar channel (Storey and Jacobi, 1999). 
For their experimental data, the dimensionless thickness gamma (Equation (3.10)) was calculated by 
normalizing the frost thickness by the channel height (12.7 mm).  Storey and Jacobi note that this channel height is 
arbitrary and any value may be used as long as it is consistent for all data.  Storey and Jacobi also remark that the 
heat-mass transfer analogy given in Equation (3.9) may change for different flow scenarios.  Care must be taken in 
applying a correct correlation. 
Ts(t) Frost Growth Model 
The Ts(t) model was developed from the same energy balance and mass conservation relations incorporated 
in the Storey and Jacobi model.  However, the scaled energy balance (Equation (3.5)) does not apply for the Ts(t) 
model, because the mass flux to the frost layer is not assumed constant with respect to time.  In this model, Ts is not 
fixed at 0oC; it is calculated to change with time.  Because Ts changes in time, rv,s changes in time, as does mf.  
However, if we note that the mass transfer coefficient is independent of time, Equations (3.2) and (3.3) can be 
combined, assuming r f represents the average density of the frost layer, to form the relation 
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Scaling Equation (3.1b) and substituting in Equation (3.4), (3.9), and (3.14) 
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Unlike the Storey and Jacobi model, the Ts(t) model has two unknowns (df and Ts) in time, appearing in the 
scaled energy equation.  The system cannot be solved for df(t) unless an independent equation can be found that 
relates df to Ts.  A correlation developed by Hayashi (1977) was used to obtain the average frost density as a 
function of Ts. 
)277.0exp(650 sT×=r  (3.16) 
Then, using Equation (3.16), (3.14), and an auxiliary expression to find the average heat transfer coefficient 
(described below), an independent relation is provided.  One must be careful when applying Equation (3.16), 
because it was developed using a limited range of property data, with density in units of kg/m3 and surface 
temperature in oC.  It is unknown how well the equation models frost density at varying values of absolute humidity.  
No humidity range was specified by Hayashi for Equation (3.16), but it is assumed to be valid near W = 0.0075, 
because Hayashi developed the correlation by running experiments at this humidity.  The ranges for temperature and 
velocity are given as: 2 m/s < U < 6 m/s and –25oC < Ts < 0
oC.  In the current experiments, typical values of 
absolute humidity and air velocity were 0.0052 kg/kg and 1.2 m/s respectively.  Both of these parameters are outside 
of the given parameter ranges; however, the frost surface temperature was always within its appropriate range. 
The average heat transfer coefficient was calculated using the Graetz solution for thermally and 
hydraulically developing flow.  Correlations are available for many different duct geometries and boundary 
conditions.  For the current model, the case of flow between flat plates with a constant temperature boundary 
condition is adopted. 
Figure 3.3 shows a schematic of the flow situation.  It is very close to the flow situation observed in the 
laboratory.  The flat plate geometry was chosen over a rectangular duct geometry, because the flow channel has an 
aspect ratio of 4.0.  For aspect ratios this large, the duct sidewalls have a negligible effect on the heat transfer 
coefficient.   
 
Te 
Top of 
duct 
Test plate 
Te 
Tfin 
x = 
0 
 
Figure 3.3.  Schematic of the Graetz flow situation. 
The entire test plate is assumed to be at the same temperature, but model solutions were also explored with 
the constant heat flux boundary condition at the test plate.  An average Nusselt number correlation was developed 
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for the isothermal test plate boundary condition, hydrodynamically and thermally developing flow (Kakac et al., 
1987). 
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The dimensionless axial coordinate for the thermal entry region is found from the relation 
.
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In the current analysis, the parameter L is not the length of the duct; it is the length of the fin in the test section.  The 
mean Nusselt number was then converted to an average heat transfer coefficient. 
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The average mass transfer coefficient could then be obtained from Equation (3.9). 
After determining rf(t) and h , the Ts(t) model could be solved for df(t) and Ts(t).  Equations (3.14) and 
(3.15) are a closed system of two equations and two unknowns. 
Ts(t, X*) Frost Growth Model 
The Ts(t, X*) model expands the Ts(t) model to incorporate variations in frost thickness and surface 
temperature with fin position.  The only difference in the formulation of the Ts(t, X*) model and the Ts(t) model is 
that the Ts(t, X*) model utilizes local Nusselt number correlations to find the local mass transfer coefficient 
distribution along the fin.  The fundamental equations (3.14) and (3.15) still hold for the Ts(t, X*) model.  Average 
density of the frost layer was also calculated from Equation (3.16). 
The local Nusselt number distribution along the fin was defined by Kakac, Shah, and Aung (1987). 
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This correlation is for the same geometry and boundary conditions as Equation (3.16).  In Equation (3.19), xtherm is 
defined 
PrRe xH
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x
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and the local heat transfer coefficient is  
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H
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Note that for the Ts(t, X*) model, the frost thickness distribution is based entirely on the variation of the 
transport coefficients with position.  In actuality, many factors influence the thickness of the frost layer.  For 
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instance, there may be 2-D conduction within the layer, because frost temperatures within the frost structure are 
greater near the leading edge of the fin.  This will cause frost mass movement from the leading edge to the trailing 
edge, which affects the thickness profile.  Also, melting at the frost-air interface may occur when the surface 
temperature of the frost layer reaches 0oC.  The validity of each model will be discussed in Chapter 5. 
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Chapter 4:  Experimental Results 
Some key trends in fin frost growth became clear through the data analysis.  A description of these trends is 
presented in this section along with the experimental results. 
Thickness Measurements 
As discussed in Appendix A, frost thickness was determined as a function of time and position by 
analyzing the image data.  Figure 4.1 shows the dimensionless frost thickness as a function of position and time.  
Twenty-five leading edge experiments were averaged to obtain the data points up to the midpoint of the fin.  The 
four data points near the trailing edge of the fin were also obtained by averaging twenty-five trailing edge 
experiments.  Error bars showing the 2s deviation of the frost thickness are shown for t = 1100 sec and t = 7100 sec.  
The 2s variations for the environmental parameters were as follows: fin temperature ±0.75oC, air temperature 
±0.75oC, relative humidity ±2.1%, and Reynolds number ±2.4% (Hoke, 2001). 
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Figure 4.1.  G versus fin position, X*. 
 
The average environmental conditions (baseline conditions) for the experiments and parameter ranges are 
as follows: 
i) W = 0.0052 ± 0.0005 
ii) Tfin = -20.2
oC ± 2.5oC 
iii) T¥ = 15.3
oC ± 1.0oC 
iv) Re = 1603 ± 150 (U ~ 1.2 m/s) 
 
The frost thicknesses used to obtain Figure 4.1 had a large standard deviation, but one can be certain that the G 
values give us an accurate sense of the trends that are occurring across the fin.  Many data points were obtained 
across the fin.  For the experiments conducted at the trailing edge, the frost thickness stayed relatively constant, 
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before decreasing at the trailing edge.  This trend in thickness at the trailing edge seemed to be independent of 
growth time. The slight decrease in slope at the trailing edge could be due to the flowstream sensing the end of the 
fin.  Near the trailing edge, flow separation and recircultion might break off part of the delicate frost structure.   
At the leading edge, the frost thickness profile seems to change shape as time progresses.  Initially the 
thickness of the frost at X* ~ 0.0 is larger than the thickness downstream of the leading edge.  As time progresses, 
this trend reverses.  The frost near the leading edge grows slower than the rest of the frost on the fin.  At t = 2100 
sec, the G versus X* curve is nearly a straight line in the proximity of the leading edge.  As time progresses, the frost 
near the leading becomes slightly thinner than the frost on the bulk of the fin.  However, all of these trends are 
within the experimental uncertainty.  
The observed frost structure after a two hour experiment also helped to validate Figure 4.1.  The frost 
seemed smooth and ice-like at the leading edge.  An ice structure encapsulated the leading edge.  Also, the frost at 
the leading edge seemed to be slightly thinner than the frost located in the middle of the fin, which looked fluffy in 
comparison.  The porous structure of the frost was definitely more apparent near the center of the fin.  No melting 
had occured in the center of the fin.  At the trailing edge, the crystals seemed larger and even more fluffy than in the 
center of the fin.  A very thin frost layer surrounded the trailing edge. 
The low thickness near the leading edge and the appearance of the frost layer for large times suggests that 
some melting-refreezing cycles are affecting the frost growth at the leading edge.  These cycles are changing the 
solid frost into water so that it increases the density of the layer at the leading edge much more than building more 
thickness. 
The leading-edge effect on frost formation can also be analyzed by casting the data into  G - t  space.  
Figure 4.2 shows the G - t  curves at X*=0.01, X*=0.3, X*=0.75, and X*=0.99.  Values of t  were calculated 
for the Storey and Jacobi model only.  The dimensionless time was not calculated for the Ts(t) or Ts(t, X*) models 
due to model limitations which will be discussed next chapter.  The 2s variation on the X* = 0.99 curve was similar 
to the 2s variations at the other fin locations. 
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Figure 4.2.  G versus t  for fin frost growth. 
Figure 4.3 divides the G - t  curves into three time regions so the G - t  slopes can be compared for 
various stages of frost development. 
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Figure 4.3.  G versus t  divided into three time regions. 
Table 1. displayes the slopes of the G versus t  curves for the three regions depicted in Figure 4.3. The 
range of Region I is 0.057 < t  < 0.127.  The upper bound could have been 0.1 (Storey and Jacobi model 
breakdown value), but it was chosen to be 0.127 to give an indication of the change in G - t  slope as the frost 
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develops and changes from early crystalline particles into frost layer growth.  Region II spans 0.127 < t  < 0.180.  
Region III spans 0.180 < t  < 0.230. 
Table 4.1.  G t/  slope values for the three distinct graph regions. 
G t/  Region I:  Region II: Region III: 
X* = 0.01 0.675 0.967 0.884 
X* = 0.3 0.733 1.041 0.920 
X* = 0.75 1.014 1.063 1.047 
X* = 0.99 0.915 1.159 0.955 
 
In Region I, the G - t  slopes for X* = 0.01 and X* = 0.3 deviate substantially from the slopes found at 
these locations for longer growth times.  Region I shows the transition from early to mature growth, so the slope 
might be less at the leading edge, because the frost crystals at the leading edge are taller than the frost crystals 
developing on the bulk of the fin.  For layer growth, the space between the individual frost crystals is filled in with 
frost. 
The smallest G - t  slope occurs at X* = 0.01 for all three of the growth regions.  Frost at the leading 
edge is definitely growing at a slightly slower pace than the rest of the frost on the fin, as suggested in Figure 4.1.  If 
t  was calculated by using Ts(t, X*),  the difference between the leading edge G - t  slope and the slope along 
the bulk of the fin would be even greater.  A larger slope difference would occur because the bulk of the fin reaches 
Ts = 0
oC much slower than the leading edge.  A smaller surface temperature value causes a smaller t  value for a 
fixed growth time.  Therefore, a larger surface temperature compresses the x-coordinate t  values in G - t  
space.  This compression of the data along the x-axis yeilds a greater slope of the data on the G - t  graph.  Using 
the Ts(t, X*) model, the difference in G - t  slope is estimated to increase by 10% due to Ts(X*) effects for a 5oC 
temperature difference between the leading edge and the bulk of the fin. 
A similar frost profile was observed by Mao, Besant, and Rezkallah (1992) (Figure 4.4).   
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Figure 4.4.  Frost thickness profiles of Mao, Besant, and Rezkallah (1992). 
Mao, Besant, and Rezkallah studied turbulent flow over a rough flat plate and measured the frost thickness as a 
function of distance from the front of the plate.  No data were obtained at the leading edge; however, the data 
downstream show a decrease in frost thickness at the leading edge for small growth t imes and an increase in 
thickness with distance after an extensive amount of growth.  The trailing edge trend prevalent in the current 
research was not noticed in the Mao, Besant, and Rezkallah study.  Frost thickness probably did not decrease at the 
trailing edge, because more mass transfer typically occurs near the trailing edge of heat exchangers when they are 
operating at higher Reynolds numbers (Carlson, 2001). 
Melting-Refreezing 
Melting initiates due to an increase in the thermal resistance of the frost layer.  As the frost layer grows its 
thermal resistance increases, because the increase in thickness is greater than the increase in thermal conductivity, 
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which remains relatively constant with time.  As the thermal resistance increases, the surface temperature of the frost 
layer increases.  Once the surface temperature reaches 0oC, melting occurs at the frost-air interface.  
When the frost layer is subjected to surface melting, frost formation can continue according to two different 
patterns (Aoki 1993) (Figure 4.5).  In pattern I, water droplets collect on the frost surface to form a waterfilm, which 
then permeates through the porous medium. 
 
 
Figure 4.5.  Schematic diagram showing frost formation patterns (Aoki et al., 1993). 
Eventually the diffusing water will freeze, forming an ice-like layer on top of the initial frost foundation.  This 
pattern continues in a cyclic manner.  If pattern II develops, then a waterfilm will never be fully developed.  Instead, 
water will seep around individual frost crystals at the frost surface.  Just as in pattern I, the water will freeze, 
forming an ice layer and the melt-refreeze process is continued cyclically. 
Both pattern I and pattern II melting can substantially affect the frost formation.  Figure 4.6 shows two 
pictures of frost forming on the leading edge of a fin.  The first picture shows what the frost layer typically looks 
like when melting has affected growth for environmental conditions similar to the conditions used to obtain the G - 
X* profiles shown in Figure 4.1.  Figure 4.6b shows the leading edge frost growth that has experienced a 
tremendous amount of melting.  The fin temperature is warmer for Figure 4.6b than for Figure 4.6a and it is very 
likely that pattern II melting is occuring.  Both pictures were recorded after one hour of growth. 
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 a) b) 
Figure 4.6.  a) Frosting at the leading edge under baseline conditions (side view), b) Frosting at the leading edge 
with a high fin temperature (front, top view). 
One can see that there is a slight rounding of the frost layer at the leading edge in Figure 4.6a.  The frost 
layer appears thinner and smoother at the leading edge.  At X* = 0.0, a small cap of frost covers the fin and extends 
upstream of the leading edge.  Downstream of X* = 0.0, the frost appears slightly more porous.  In Figure 4.6b, a 
frost bulb is evident at the leading edge.  
Density Results 
Density measurements were recorded at various locations along the fin at the end of each experiment.  
Figure 4.7 shows how the density varied from the leading edge to the trailing edge for the baseline conditions.  The 
frost density at the leading edge of 400 kg/m3 was much higher than densities at downstream locations.  Around X* 
= 0.3, the density reached a relatively constant value of 150 kg/m3.  It is likely that melting cycles are just beginning 
at a distance of   X* = 0.3.  One can imagine a melting-line that moves down the fin surface as time progresses.  The 
line first touches the leading edge, when the temperature at the frost surface reaches the triple point of water.  Then 
the line moves downstream from the leading edge, as surface locations downstream reach Ts = 0
oC at later times.  
Eventually the melting-line will reach the trailing edge of the fin.  When melting occurs across the entire fin surface, 
the frost thickness will be largest near the trailing edge.  Density will be smallest at the trailing edge, because many 
more melting cycles have occurred at upstream locations. 
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Figure 4.7.  Density versus fin position, X*. 
Notice that the largest 2s deviation in the density data occurs at X* = 0.0.  This high uncertainty probably 
occurs because melting is extremely sensitive to environmental conditions.  A slight change in the humidity or 
temperature difference between the fin and the air may significantly alter the the time it takes for melting to initiate. 
Mao, Besant, and Rezkallah saw similar trends for mass flux (Figure 4.8).  Just like the trend of the average 
frost density data in Figure 4.7, the mass flux recorded by Mao, Besant, and Rezkallah for plate temperatures of -
5oC, -10oC, and -15oC is very high at the leading edge and then decreases. 
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Figure 4.8.  Frost mass concentration profiles of Mao, Besant, and Rezkallah (1992). 
Trailing Edge 
Up to this point, the trailing edge has not been discussed in much detail.  The trailing edge does not affect 
the frost formation as much as the leading edge, because the heat transfer coefficient is much smaller at the trailing 
edge than at the leading edge.  Also,  the stagnation point (Appendix C) at the trailing edge does not affect the flow 
pattern as much as the leading edge stagnation point.   
At the leading edge, the airflow is abruptly displaced by the fin.  Near the trailing edge, the airstream 
gradually moves toward the fin to fill in the wake directly behind the fin.  The decrease that we see in the trailing 
edge thickness (Figure 4.1) is attributed to the increase in drag at the end of the fin (Stewartson, 1974). 
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Environmental Sensitivity 
In order to better understand the leading edge's effect on frost growth, experiments were run at different 
experimental conditions.  The fin temperature was varied; all other parameters were kept as constant as possible.  
Data were placed into three groups, according to the fin surface temperature.  Table 4.2 lists the average 
environmental conditions and corresponding ranges.  Notice the difference in the fin temperature between the 
groupings.  All other parameters were kept as constant as possible. 
Table 4.2.  Environmental conditions of the experiment groups. 
Condition W [kg/kg] Tfin  [
oC] Tinf  [
oC] ReL 
Baseline 0.0052 ± 0.0005 -20.2 ± 2.5 15.3 ± 1.0 1603 ± 150 
High Tfin 0.0064 ± 0.0005 -15.0 ± 2.0 19.0 ± 1.5 1561 ± 50 
Low Tfin 0.0066 ± 0.0003 -26.1 ± 1.5 18.7 ± 0.5 1551 ± 50 
 
A frost thickness profile comparison is shown in Figure 4.9.  For Figure 4.9, the X* scale does not go from 
0 to 1.0, because only the leading edge was analyzed.  It is assumed that the center of the fin will have a constant 
frost height approximately equal to the height for the last data point of each curve.  Trailing edge effects are 
assumed to be similar to the trailing edge effects of the frost thickness profile in Figure 4.1.  The "cold Tfin" and "hot 
Tfin" data consist of average frost thickness data from five experiments. 
The thickness of the frost layer grown on the cold fin was approximately one millimeter taller than the 
thickness for the baseline case.  There was a much larger gradient for heat and mass transfer with the colder fin 
temperature.  The high-Tfin case had a thinner frost layer than the baseline case, but the difference between it and the 
baseline case was not as substantial as the difference was for the cold fin temperature case. 
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Figure 4.9.  G versus X*, environmental sensitivity. 
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For the high-temperature case, the data suggest that a leading edge frost bulb has formed.  The thickness 
profile is at G = 0.225 at the leading edge, but decreases to a minimum G = 0.207 at X* = 0.16, before increasing to 
near G = 0.225 again at X* = 0.3.  For the high-Tfin case, the frost bulb seems to be centered at X* ~ 0.08.  For the 
baseline case and the cold fin temperature case, the bulb also seems to be  positioned at X* ~ 0.08; however, the 
decrease in thickness directly downstream of the frost bulb is not as noticable, because the frost layer behind the 
frost bulb has experienced less melting.  Because the baseline and cold fin thickness profiles experience less 
melting, the frost layer grows taller directly behind the frost bulb for these two cases. 
The high-Tfin thickness is nearly identical in magnitude to the thickness profile obtained by Mao, Besant, 
and Rezkallah with Tp = -10
oC (Figure 4.4).  However, the Mao, Besant, and Rezkallah curve has not undergone the 
amount of melting that the high-Tfin case has experienced.  Therefore, the frost thickness profile does not exhibit the 
bump that is evident in the high-Tfin curve.  Also, the curve developed at the coldest plate temperature had the 
thickest frost layer.  The same trend is true for fin growth (Figure 4.9).  The frost layer initially increases with X*, 
and then either decreases slightly or stays at a relatively constant magnitude for all of the curves in Figures 4.4 and 
Figure 4.9, for all of the curves except the high-Tfin curve in Figure 4.9. 
The density profiles for each case are shown in Figure 4.10. As expected, the high-Tfin case had the highest 
density.  All of the curves have a shape very similar to the density profile given in Figure 4.7.  Leading edge density 
is very high, but gradually falls to a constant value near the middle of the fin.  The fall in density for the high-Tfin 
case at the leading edge is more abrupt in the region 0.2 < X* < 0.4 than 0.0 < X* < 0.2, because the melting-
induced frost bulb presides from the leading edge to around X* = 0.2.  After X* = 0.2, the density of the frost layer 
falls quickly to the bulk fin density of rf ~ 350 kg/m
3.  The density inside the frost bulb is much higher than the 
density of the frost layer downstream.   
There is also a decrease in frost density at the trailing edge of the high temperature case.  In the other cases, 
this density decrease is not present.  This might be due to the melting-line passing through the entire fin except the 
trailing edge.  If the entire fin besides the trailing edge experiences melting, then the trailing edge will be at a lower 
average density. 
The baseline and low-Tfin cases had almost identical density profiles.  This similarity is attributed to the 
amount of growth and melting experienced by the growing frost layer in each case.  The low-Tfin case grew much 
thicker than the baseline case.  The thicker frost layer in the low-Tfin case had a larger thermal resistance.  
Eventually the thermal resistance for the low-Tfin case became so large that melting initiated at the surface of the 
frost layer.  At a growth time of 7100 sec, slightly more melting occured for the low-Tfin case than the baseline case, 
because the low-Tfin case reached Ts = 0
oC quicker.  The slightly larger amount of melting for low-Tfin offset the 
decrease in layer density due to the larger frost thickness.  The result is a density profile nearly equivalent to the 
baseline case.   
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Figure 5.5.  Density [kg/m3] versus X*. 
The mass flux curves obtained by Mao, Besant, and Rezkallah (Figure 4.8) show the same general trend 
observed for frost growth on a fin.  Mass flux is very high at the leading edge and then decreases with X*.  The mass 
fluxes for the Tp = -15
oC and Tp = -10
oC are nearly identical.  The mass flux for Tp = -5
oC is slightly less than for the 
other two temperatures.  The flux is probably less, because Mao, Besant, and Rezkallah grew the frost layer on a flat 
plate, not a fin.  Fin frost growth typically experiences more melting than flat plate growth.  For a frost layer that 
experiences little melting, a higher plate temperature will yield less mass transport and ultimately a thinner and less 
dense frost layer.  Melting has not affected the Mao, Besant, and Rezkallah frost growth nearly as much as it has 
affected the current research. 
Varying other environmental parameters was also studied.  If the absolute humidity is increased, the effect 
is similar to increasing the fin temperature.  Changing the air temperature also has similar effects to modifying the 
fin temperature.  It is the difference between the freestream and fin temperatures that provides the driving flux for 
heat transfer and hence mass transfer.  Varying the velocity will be discussed in the next section.   
 
 30
Chapter 5:  Model Output 
Results from the fin frost growth models are presented in this section.  Frost growth trends will be 
discussed and comparisons will be made between the model and the experimental results.  
Baseline Case  
Figure 5.1 shows the model output for the baseline conditions (Tfin = -20.2
oC, Re = 1603, W = 0.0052 
kg/kg, T¥ = 15.3
oC).  The Storey and Jacobi, Ts(t), and Ts(t, X*) model curves are compared to the experimental 
data for growth times of 3600 and 7100 seconds. 
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Figure 5.1.  G - X* for the baseline conditions. 
For the baseline conditions, the Storey and Jacobi model fits the frost growth data extremely well, to within 
about 90% over the entire fin for times up to 7100 sec.  The measured frost thickness is nearly constant from X* = 0 
to X* = 1.0, especially at t = 3600 sec.  For the baseline conditions, the frost seems to be growing very similar to 
that on a flat plate, especially at locations downstream from the leading edge.  The data only decrease slightly at the 
trailing edge.  Near the leading edge, the frost layer is growing slightly slower than the frost at downstream 
locations.  Chapter 4 establishes this trend.  As established in Chapter 4, initially the leading edge has the largest 
frost thickness of any fin location.  As the layer grows, the frost thickness at the leading edge gradually becomes 
thinner than the frost at downstream locations.  This trend is not modeled by either the Storey and Jacobi model or 
the Ts(t) model, both of which assume spatially uniform frost growth on isothermal surfaces.  The Ts(t, X*) model 
predicts the correct spatial trend for early growth times, but it fails to predict the trends later.  The Ts(t, X*) model 
most likely fails to predict the leading-edge trend, because of the density-surface temperature relationship that was 
utilized in its development: 
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r = ·650exp 0 277 Ts( . ) .  (5.1) 
 
If the surface temperature of the frost layer is set to 0oC (melting temperature) in Equation (5.1), then the average 
density of the frost layer is predicted to be 650 kg/m3.  The maximum measured density of the frost layer for the 
baseline conditions was 400 kg/m3.  This experimental density value is much lower than 650 kg/m3, yet melting at 
the leading edge was observed in every experiment at the baseline environmental conditions.  Other correlations for 
density were obtained from the literature (Mao, Besant, and Falk (1993), Hosada and Uzuhashi (1967), and Kim, 
Jhee, and Lee (2000)), but none resulted in successful predictions of the leading edge trends. 
Note that all of these relationships were developed for frost growing on a flat plate, not a fin.  The Mao, 
Besant, and Falk relation predicts an adequate amount of frost layer melting when incorporated into the Ts(t, X*) 
model; however, the thicknesses of the predicted frost layer are larger than the measured thicknesses by about 40%.  
Also, the predicted average frost density is only 70 kg/m3 over the bulk of the fin.  The measured experimental 
densities were approximately 150 kg/m3 well downstream of the leading edge.  In the Hosada and Uzuhashi density 
correlation, the average density of the frost layer is not a function of growth time or position; applying their 
correlation to the Ts(t, X*) model yields frost thickness less than the experimental data, by about 38% at early time.  
The predicted average density of the frost layer was exactly 191 kg/m3 for all locations on the fin, and the predicted 
frost layer thickness was extremely high near the leading edge and very small near the trailing edge.  Also, the 
model predicted only a very small region of surface melting (X* = 0.0 to X* ~ 0.015).  When the Kim, Jhee, and 
Lee density correlation was utilized in the Ts(t, X*) model, an extremely low frost surface temperature distribution 
was predicted across the fin, even for large growth times (Ts ~ -18
oC).  However, melting was observed in the 
experiments.  The Hayashi correlation was chosen, because it is the only correlation that predicts the magnitude of 
the frost layer thickness within the experimental error across the fin for the Ts(t, X*) model.  Unfortunately, the Ts(t, 
X*) model does not predict a reasonable amount of melting on the fin. 
If the Ts(t, X*) model predicted the correct amount of melting at the leading edge, it would likely do a 
better job predicting leading-edge trends in thickness.  When the frost layer melts, the density of the frost layer 
increases substantially, but the frost thickness does not increase very much.  The current models do not capture that 
behavior properly.  The Storey and Jacobi model is considered to accurately predict frost thicknesses along the fin 
for at least two hours of frost growth under the baseline environmental conditions. 
High-Tfin Case 
The model results for the high-Tfin case (Tfin = -15
oC, W = 0.0064 kg/kg, T¥ = 19
oC,      Re = 1561) are 
displayed in Figure 5.2.  Only the profile at the leading edge was plotted, because data were not collected at the 
trailing edge.  The experimental data consist of average frost thicknesses measured from five experiments. 
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Figure 5.2.  G - X* for the high-Tfin conditions. 
Both the experimental and the model-predicted frost thicknesses are smaller than they are for the baseline 
conditions (Figure 5.1) and all of the model curves over-predict the measured thickness, especially at t = 7100 sec.  
Over-prediction of the frost layer thicknesses most likely occurs because a substantial amount of melting seems to 
have occurred across the leading edge portion of the fin, which is being analyzed.  In all of the experiments, the frost 
layer on the fin surface looked glossy, smooth, and water-like.  Melting probably started affecting the frost growth at 
very early frosting times.  At t = 3600, most of the deviation between the data and the model occurs in the region 0.0 
< X* < 0.2.  For X* > 0.2, it seems very little melting, if any, has occurred on the frost surface.  At t = 7100 sec, 
melting has effected the entire leading edge frost profile.  The leading edge frost bulb is well-defined from the 
thickness data.  Whenever, there is a substantial decrease and then increase in the frost profile, a frost bulb has 
developed, and melting has significantly effected the frost layer (even growth downstream of the bulb). 
Another point of interest for these environmental conditions is that the Ts(t) model  predicts a thicker frost 
layer than the Storey and Jacobi model predicts for t = 3600 sec.  The Ts(t) thickness prediction was never larger 
than the Storey and Jacobi thickness profile for the baseline conditions and is less than the Storey and Jacobi 
prediction for t = 7100 sec under the high-Tfin conditions. 
Low-Tfin Case  
The model results for the low-Tfin case (Tfin = -26.1
oC, W = 0.0066 kg/kg, T¥ = 18.7
oC, Re = 1551) are 
shown in Figure 5.3.  Only the profile at the leading edge was plotted, because data were not collected at the trailing 
edge.  The experimental data consist of average frost thicknesses measured from five experiments. 
In Figure 5.3, the frost thicknesses are much greater than they are for either the baseline or high-Tfin 
conditions.  The frost layer is thick and not very dense, an ideal scenario for melting to occur at the leading edge.  
The melting line seems to be moving down the fin.  At t = 3600 sec, it is probable that the melting line is in the 
range: 0.00 < X* < 0.04, because the thickness of the frost increases dramatically over this interval.  At t = 7100 sec, 
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the melting line is probably between X* = 0.03 and X* = 0.08, because the frost thickness continues to increase with 
X* until X* = 0.08.  While the frost at the leading edge is undergoing melting cycles, the downstream frost grows to 
large thicknesses, because the gradient for mass transfer across the boundary layer is so great. 
As for the baseline conditions, the Storey and Jacobi model reasonably predicts the experimental data.  
However, for these conditions the Ts(t) model gives a better thickness prediction.  The Ts(t) model seems to give an 
accurate prediction of frost growth that develops without any surface melting, for a low-density frost layer.  The 
change in surface temperature of the frost layer as a function of time is a key part of the frost growth physics that 
needs to be taken into account in all of the models.  
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Figure 5.3  G - X* for the low-Tfin conditions. 
The Ts(t) model most likely works very well for the low-Tfin conditions, because the Hayashi density 
relation (Equation 5.1) was developed for very similar conditions (W = 0.0075,  2 m/s < U < 6 m/s, -25oC < Ts < 
0oC), and b for the Storey and Jacobi model was determined at different conditions.  Equation 5.1 gives a very good 
prediction of the average frost density for these conditions, and the frost thicknesses predicted by the Ts(T) and Ts(t, 
X*) models are highly dependent on the frost layer density.  The growth conditions for the high-Tfin and baseline 
cases are quite different from Hayashi's growth conditions.  Therefore, frost thicknesses are not predicted by the 
Ts(t) and Ts(t, X*) as well as they are for the low-Tfin case. 
Velocity Variation 
In the Storey and Jacobi flat plate growth model, the freestream velocity does not influence the thickness of 
the frost layer.  Figure 5.4 shows G - X* output for the Ts(t, X*) model evaluated at three different channel velocities 
at the baseline thermal conditions.  As expected, changing the velocity of the airstream has little effect on frost 
thickness. The Ts(t, X*) curves are only slightly different at the leading edge due to the higher transport coefficients 
at this location. 
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Figure 5.4.  G - X*, velocity variation. 
After many melt-refreeze cycles have occurred on the frost surface, velocity may be an important factor in 
further ice-frost growth.  After a long period of ice layer development, water may buildup on the surface of the frost 
layer.  If there is not enough porosity near the surface of the layer, then some of the liquid water film may blow off 
the surface.  This water may then collect further down the fin, due to the frost exhibiting a more porous growth 
downstream of the leading edge.  This scenario would effectively yield less mass deposition than predicted at the 
leading edge (due to the mass loss).  Downstream of the leading edge, there will be a denser frost layer than 
expected. This sort of water-film blow-off has been seen in the laboratory after long periods of melting.  However, 
water-film blowoff was not studied in detail, and the extent of its effects on ice-frost development are unknown. 
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Chapter 6:  Summary and Conclusions 
Due to its deleterious effect on heat exchanger efficiency, frost has been studied for many decades.  
Researchers have focused on managing frost growth so that a high level of heat exchanger performance can be 
retained after the initiation of frost growth.  Most prior research has been aimed at understanding frost growth on a 
flat plate, because this is a simple, practical case.  Many models have been developed to predict frost thickness as a 
function of environmental conditions.  The flat-plate growth model of Storey and Jacobi (1999) predicts frost 
thickness as a function of growth time for the layer growth stage.  The Storey and Jacobi model is based on a mass 
and energy balance at the frost-air interface.  The equations are scaled, and an auxiliary relation for the frost thermal 
conductivity as a function of average frost density is used, in order to predict layer thickness. 
The current research is directed at modeling frost thickness on an isothermal fin.  Through this work, it has 
been shown that the frost thickness on an isothermal fin can be predicted by flat-plate models (Storey and Jacobi 
model and the Ts(t) model).  For the baseline conditions, the Storey and Jacobi mo del agrees with the experimental 
data better than the new Ts(t) model.  However, for the low-Tfin case, the Ts(t) model predicts frost thickness better 
than the Storey and Jacobi model.  The improvement provided by the Ts(t) model for the low-Tfin case is because 
this model is based on the Hayashi density correlation, which was developed for conditions close to those for the 
low-Tfin experiments.  The new Ts(t, X*) model predicts the correct frost thickness at the leading edge for early frost 
layer growth times; however, it fails to predict the leading-edge frost thickness at later growth times because it does 
not properly predict the effects of melting (none of the models predict melting effects).  The flat plate models can be 
used to predict the frost thickness on an isothermal fin, because the large heat transfer coefficient, relative to 
downstream locations, does not affect frost thickness nearly as much as environmental growth conditions. 
At the leading edge of the isothermal fin, a frost bulb formation was observed.  This bulb seems to result 
from the stagnation of the flow stream at the leading edge.  The bulb shape is more distinguishable when a 
substantial amount of melting occurs.  For the high-Tfin case, there is a frost thickness decrease and then an increase 
near the leading edge.  The bulb is assumed to be centered near X* = 0.0; therefore, frost thickness will decrease 
moving downstream of the frost bulb.  For the baseline and the low-Tfin conditions, the frost bulb seems to be 
located downstream of the leading edge.  The thickness profile initially increases with X*, following the contour of 
the bulb, but then merges with the downstream layer growth, because the downstream frost is unaffected by melting.  
For the baseline and the low-Tfin conditions, the frost bulb is confined to a small region near the leading edge.  The 
flat-plate models predict the frost thickness across the entire fin except this small leading-edge region.  For the high-
Tfin case, the Storey and Jacobi and Ts(t) models overpredict frost thickness by approximately 10% after 3600 sec of 
growth and 15% after 7100 sec of growth.  This overprediction occurs, because an extensive amount of melting is 
occurring across the fin. 
Future work should focus on applying these results to the full-scale heat exchanger modeling.  This 
research has clearly shown that frost growth is insensitive to local convection coefficients; it depends on local 
temperature and humidity differences across the boundary layer and frost layer.  The flat-plate models can be 
applied to discretized heat exchanger models with confidence that the local thermodynamic state is driving frost 
growth.  Such a model would provide designers with a tool to assist in frost management in exchanger design. 
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Appendix A:  Thickness Measurement Technique 
Calibration 
For each experiment, it was important to determine the frost thickness on the fin surface in millimeters.  
Since one can only measure the number of pixels on each image recorded by the CCD camera, it was necessary to 
convert frost thickness from pixels to millimeters.  This conversion was accomplished by taking a picture of a 
calibration block before beginning each experiment.  The calibration block had four steps that were each 2.5 mm tall 
(Figure A.1).  The laser sheet and aluminum calibration block were aligned so that the laser contacted the calibration 
steps before reaching the fin.  The calibration image was then obtained (Figure A.2). 
 
28 mm 
10 mm 5 mm 
 
Figure A.1.  Calibration block dimensions. 
Plot profile 
window 
Plot 
profile 
window 
 
Figure A.2.  Typical calibration image. 
After the experiment was completed, plot profile windows (Figure A.2 and Figure A.3) were used to 
convert the step height to millimeters.  The plot profile window map displays two minima at locations where the line 
intensity is highest.  The pixel distance between these two minima can be measured and used to create the 
conversion factor from pixels to millimeters, since the height of the steps is known.  All other distances in pixels can 
then be converted to millimeters through this factor. 
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Figure A.3.  Sample calibration plot profile window showing distance between maximum intensities (Storey, 
1997). 
The uncertainty in calibration was dependent upon both the optical system and the CCD camera.  Measurement 
uncertainty was estimated at ± 70 mm. 
Image Analysis 
Once the calibration conversion factor was established for each experiment, the test images were analyzed 
to determine frost growth at different locations along the fin.  For a typical experiment, the length of fin captured by 
the camera was approximately 50.8 mm (2 inches).  This total length was divided into three equal sections; frost 
thickness was gauged at the leading edge, 16.9mm from the leading edge, 33.9 mm from the leading edge, and 50.8 
mm from the leading edge.  For a trailing edge experiment, thickness data were obtained at these distances with 
respect to the trailing edge instead of the leading edge.  Additional thickness measurements were later made at the 
leading edge, in order to refine the data trend. 
For all experiments, the reference picture was added to the frame to be analyzed and the frost thickness was 
determined using the same procedure that was used to obtain the calibration height.  For the first 10 minutes of each 
experiment, the pictures were analyzed at frost growth intervals of 100 seconds.  After 10 minutes of growth, one 
picture was analyzed for every 10 minutes of frost growth.  Typical plot profile windows had widths of between 
0.33 mm and    0.50 mm.  The heights of the windows used were dependent upon the frost thickness analyzed.   
Uncertainty was found to depend on the scatter in the band of peak intensity points.  The overall uncertainty in frost 
thickness measurement was ± 130 mm. 
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Appendix B:  Frost Growth Simulation Programs (EES) 
Storey and Jacobi Model 
Governing equations: 
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Table B.1.  Storey and Jacobi model EES code. 
 
{**************************************************************************************} 
{Storey and Jacobi Model} 
{This program employs an energy balace to obtain a dynamic frost growth output on a heat 
exchanger fin} 
 
{--------------------------------------------------------------------------------------------------------} 
 
{Hyrodynamic inputs} 
 
Tinf = 288.5      {K} 
Tfin = 253        {K} 
RHa = 0.5       {kg/kg} 
U = 1.2            {m/s} 
{______________________________________________________________} 
 
{Constants} 
 
Patm = 99.3           {kPa} 
h_frez = 2834800         {J/kg} 
cp_a = 1005                {J/kg*K} 
k_a = 0.0263             {W/m*K} 
Dab = 0.26e-4            {m^2/s} 
nu = 1.5e-5                {m^2/s} 
qual = 1                        { - } 
H = 0.0127                   {m} 
beta = .00087       {Wm2/kgK} 
{______________________________________________________________} 
 
 
 
 
{Frost growth time} 
 
time = 3600                 {sec} 
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{______________________________________________________________} 
 
{Calculated densities and absolute humidity} 
 
r_a = density(air, P=Patm, T=Tinf)     {kg/m3} 
r_inf = RHa*density(water, X=qual, T=Tinf)   {kg/m3} 
r_i = density(water, X=qual, T=Ts)     {kg/m3} 
 
w = HUMRAT(AirH2O , P=Patm, R=RHa, T=Tinf) {kg/kg} 
{______________________________________________________________} 
 
{Calculated parameters} 
 
Le = alpha/Dab     { - } 
alpha = k_a/(r_a*cp_a)            {m2/s} 
Pr = nu/alpha     { - } 
{______________________________________________________________} 
 
{Temperature differences} 
 
DeltaTinf = Tinf - Ts    {K} 
DeltaTw = Ts - Tfin    {K} 
Deltarho = r_inf - r_i      {kg/m3} 
{______________________________________________________________} 
 
Ts = 273.15 {K}  {Storey and Jacobi assumption} 
 
{Storey and Jacobi model in primative variables} 
 
(beta*time)/(cp_a*del^2)= (DeltaTinf/DeltaTw)*((r_a*Le^(2/3))/Deltarho+(h_frez/(cp_a*DeltaTinf))) 
{______________________________________________________________} 
 
{Thickness transformation} 
 
delmm = del*1000        {mm} 
gamma = delmm/12.7        { - } 
{______________________________________________________________} 
 
{Dimensionless calculation of root (tau)} 
 
Ja=(cp_a*(DeltaTinf))/h_frez      { - } 
 
theta= (DeltaTinf)/(DeltaTw)      { - } 
 
phi = (Deltarho)/ r_a        { - } 
 
 
 
Bi=(Ja*Le^(2/3))/(theta*(Ja*Le^(2/3)+phi))  { - } 
 
Fo=((beta)*time)/(cp_a*H^2)      { - } 
 
tau=(Fo*Bi*phi)/(Le^(2/3))      { - } 
 
rttau = tau^(0.5)        { - } 
{*************************************************************************************} 
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Ts(t) Model 
Governing equations: 
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     (convection coefficient relation) (B.6) 
one unknown: h 
 
Equations (B.3) – (B.6) form a system of four equations and four unknowns.  The system is closed and can be 
solved for all parameters. 
Table B.2.  Ts(t) model EES code. 
 
{**************************************************************************************} 
{ Ts(t) Model} 
{This program employs an energy balance to obtain a dynamic frost growth output on a heat 
exchanger fin} 
 
{--------------------------------------------------------------------------------------------------------} 
 
{Hyrodynamic inputs} 
 
Tinf = 288.5      {K} 
Tfin = 253       {K} 
RHa = 0.5       {kg/kg} 
U = 1.2            {m/s} 
{______________________________________________________________} 
 
{Constants} 
 
Patm = 99.3                                    {kPa} 
h_frez = 2834800                             {J/kg} 
cp_a = 1005                              {J/kg*K} 
Dab = 0.26e-4                             {m^2/s} 
qual = 1                                            { - } 
height = .0127             {m} 
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beta = k / r_f        {Wm2/kgK} 
 
k_a = conductivity(air, T = Tinf)       {W/mK} 
mu = viscosity(air, T = Tinf)       {Ns/m2} 
nu = mu / r_a           {m2/s}  
alpha = k_a / (r_a*cp_a)              {m2/s} 
Pr = nu/ alpha             { - } 
Le = alpha/Dab             { - } 
{______________________________________________________________} 
 
{Frost growth time} 
 
t_f = 3600   {sec} 
{______________________________________________________________} 
 
{Fin location} 
 
f=1   
x = L     {m}  
L = 0.1397    {m} 
{______________________________________________________________} 
 
 
 
{Graetz calculation}  
 
width = 50.8              {mm} 
h = 12.7                {mm} 
D_H = (4*(width/2)*h)/(2*(width/2)+2*h)/1000        {m} 
Re = U*D_H/nu             { - } 
x_thermal = x/(D_H*Re*Pr)          { - } 
 
Nus = 7.55 + (0.024*x_thermal^(-1.14))/(1+0.0358*Pr^0.17*x_thermal^(-0.64))  { - } 
 
h_c = Nus*k_a/D_H                  {W/m2K} 
h_m = (h_c)/(r_a*cp_a*Le^(2/3))             {m/s} 
{_______________________________________________________________} 
 
{Calculated densities and absolute humidity} 
 
r_a = density(air, P=Patm, T=Tinf)     {kg/m3} 
r_inf = RHa*density(water, X=qual, T=Tinf)   {kg/m3} 
r_i = density(water, X=qual, T=Ts)     {kg/m3} 
 
w = HUMRAT(AirH2O , P=Patm, R=RHa, T=Tinf) {kg/kg} 
{_______________________________________________________________} 
 
{Hayashi's density relation} 
 
r_f = 650 * exp(0.277*(Ts - 273.15))         {kg/m3} 
{_______________________________________________________________} 
 
{Storey and Jacobi conductivity relation} 
 
k = 0.00087*r_f         {W/mK} 
{_______________________________________________________________} 
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{Temperature differences} 
 
DTw = (Ts - Tfin)     {K} 
DTinf = (Tinf - Ts)    {K} 
Drho_vapor = r_inf - r_i     {kg/m3} 
{_______________________________________________________________} 
 
{Frost surface energy balance} 
 
(k*DTw/del) = h_c*DTinf +h_frez*h_m*Drho_vapor 
{_______________________________________________________________} 
 
{Ts(t) integration} 
 
I = r_f*del/h_m 
I = integral(Drho_vapor, t, 100, t_f) 
 
 
 
$Integraltable t:100, delmm, Ts, r_f, y, k, t_total 
{_______________________________________________________________} 
 
{Thickness transformation} 
 
delmm = del*1000  {mm} 
gamma = delmm/12.7     { - } 
{_______________________________________________________________} 
 
{Dimensionless calculation of root (tau)} 
 
Ja=(cp_a*(Tinf-Ts))/h_frez     { - } 
 
theta= (Tinf - Ts)/(Ts - Tfin)     { - } 
 
phi = (r_inf - r_i)/ r_a       { - } 
 
Bi=(Ja*Le^(2/3))/(theta*(Ja*Le^(2/3)+phi))    { - } 
 
Fo=((beta)*t)/(cp_a*height^2)    { - } 
 
tau=(Fo*Bi*phi)/(Le^(2/3))     { - } 
 
y = tau^(0.5)        { - } 
{*************************************************************************************} 
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Ts(t, X*) Model 
 
Governing equations: 
Equation (B.3), Equation (B.4), Equation (B.5), and  
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one unknown: h 
 
Equations (B.3) – (B.5) and (B.7) form a system of four equations and four unknowns.  The system is closed and can 
be solved for all parameters. 
 
Table B.3.  Ts(t, X*) model EES code. 
 
{**************************************************************************************} 
{ Ts(t, X*) Model} 
{This program employs an energy balace to obtain a dynamic frost growth output on a heat 
exchanger fin} 
 
{-------------------------------------------------------------------------------------------------------------} 
 
{Hyrodynamic inputs} 
 
Tinf = 288.5      {K} 
Tfin = 253       {K} 
RHa = 0.5       {kg/kg} 
U = 1.2            {m/s} 
{______________________________________________________________} 
 
{Constants} 
 
Patm = 99.3                 {kPa} 
h_frez = 2834800          {J/kg} 
cp_a = 1005                 {J/kg*K} 
Dab = 0.26e-4                         {m^2/s} 
qual = 1                    { - } 
H1 = 0.0127                {m} 
 
k_a = conductivity(air, T = Tinf)   {W/mK} 
mu = viscosity(air, T = Tinf)  {Ns/m2} 
nu = mu / r_a      {m2/s}  
alpha = k_a / (r_a*cp_a)         {m2/s} 
Pr = nu/ alpha         { - } 
Le = alpha/Dab         { - } 
{______________________________________________________________} 
 
{Frost growth time} 
 
 46
t_f = 3600 {sec} 
{______________________________________________________________} 
 
{Fin location} 
 
f = x/L  { - } 
L = 0.1397 {m} 
{______________________________________________________________} 
{Calculated densities and absolute humidity} 
 
r_inf = RHa*density(water, X=qual, T=Tinf)   {kg/m3} 
r_a = density(air, P=Patm, T=Tinf)     {kg/m3} 
r_i = density(water, X=qual, T=Ts)     {kg/m3} 
 
w = HUMRAT(AirH2O , P=Patm, R=RHa, T=Tinf) {kg/kg} 
{______________________________________________________________} 
 
 
{Graetz calculation} 
 
width = 50.8                 {mm} 
h = 12.7                   {mm} 
D_H = (4*(width/2)*h)/(2*(width/2)+2*h)/1000      {m} 
Re = U*D_H/nu            { - } 
x_thermal = x/(D_H*Re*Pr)         { - } 
 
Nus = 7.55 + ((0.024*x_thermal^(-1.14)*(0.0179*Pr^0.17*x_thermal^(-0.64) - 
0.14))/(1+0.0358*Pr^0.17*x_thermal^(-0.64))^2)   { - } 
 
h_c = Nus*k_a/D_H            {W/m2K}   
h_m = (h_c)/(r_a*cp_a*Le^(2/3))                  {m/s} 
{______________________________________________________________} 
 
{Hayashi's density relation} 
 
r_f = 650 * exp(0.277*(Ts - 273.15))   {kg/m3} 
{______________________________________________________________} 
 
{Storey and Jacobi conductivity relation} 
 
beta = k / r_f                 {Wm2/kgK} 
beta = 0.00087            {Wm2/kgK} 
{______________________________________________________________} 
 
{Temperature differences} 
 
DTw = (Ts - Tfin)     {K} 
DTinf = (Tinf - Ts)    {K} 
Drho_vapor = r_inf - r_i          {kg/m3} 
{______________________________________________________________} 
 
{Frost surface energy balance} 
 
h_m*Drho_vapor = ((k*DTw)/(del*h_frez))-((h_c*DTinf)/h_frez) 
{______________________________________________________________} 
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{Ts(t) integration} 
 
Z =  h_m*Drho_vapor 
$Integraltable t:100, delmm, Ts, r_f, gamma, tau, k, h_c, t_total 
r_f*del = integral(Z, t, 100, t_f) 
{______________________________________________________________} 
 
{Thickness transformation} 
 
delmm = del*1000        {mm} 
del=gamma*H1     {m} 
{______________________________________________________________} 
 
 
{Storey and Jacobi frost growth model} 
 
Ja=(cp_a*(Tinf-Ts))/h_frez     { - } 
 
theta= (Tinf - Ts)/(Ts - Tfin)     { - } 
 
phi = (r_inf - r_i)/ r_a            { - } 
 
Bi=(Ja*Le^(2/3))/(theta*(Ja*Le^(2/3)+phi)) { - } 
 
Fo=((beta)*t)/(cp_a*H1^2)     { - } 
 
tau=(Fo*Bi*phi)/(Le^(2/3))     { - } 
 
y = tau^(0.5)        { - } 
 
{**************************************************************************************} 
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Appendix C:  Stagnation Heat Transfer 
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Figure C.1.  Stagnation flow schematic 
Fundamental Equations 
The basic equations for stagnation heat transfer are: 
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These equations were derived from the Navier-Stokes equations for incompressible flow (White, 1991).  To 
combine Equation (C.2) and (C.3) into one equation, a stream function is defined such that: 
y
u
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=  
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v
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-=  and ).( yfxconst ××=Y  (C.5) 
Substituting into the momentum equations returns two nearly identical relations.  When applying the no slip 
condition (f(0) = 0 and f’(0) = 0) to Y and substituting into (C.3), the following relation is obtained: 
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Equation (C.6) holds, because the pressure gradient in the y-direction is only a function of y due to the no slip 
boundary condition at the wall.  As a result, Equation (C.2) can be transformed to: 
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The right-hand side of (C.7) was found by noticing that as y becomes large, f’’’ and f’’ become zero and f’ becomes 
unity.  Equation (C.7) is now self-similar, because the x dependence has disappeared.  Equation (C.7) can then be 
nondimensionalized by removing the constants.  The following equations for u and v are substituted into (C.2). 
)(' hFxconstu ××=  nh ×-= constFv )(  (C.8) 
where 
.
n
h
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y=  (C.9) 
The result is: 
0'1''''' 2 =-++ FFFF  (C.10) 
with boundary conditions: 
0)0(')0( == FF  .1)(' =¥F  (C.11) 
If the analysis is carried out for an axisymmetric flow, the FF’’ term in Equation (C.10) will have a coefficient of 
two.  Equation (C.10) can then be solved for either plane stagnation flow or axisymmetric stagnation flow.  An EES 
code is used to obtain the solution here.  Results will be shown shortly, but first the stagnation point temperature 
equations will be introduced. 
Equation (C.4) is the two-dimensional energy equation.  The temperature equation can be 
nondimensionalized by substituting in a dimensionless temperature and length scale.  
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The transformed energy equation is:  
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with boundary conditions: 
0)0( =Q  .1)( =¥Q  (C.14) 
In (C.13), F(h) is known from the momentum solution and the Prandtl number is taken to be a constant.  Similar to 
Equation (C.10), a factor of two may be substituted in front of the Prandtl number to solve the system for 
axisymmetric flow.  The EES code used to solve (C.10) and (C.13) is shown below: 
 
Table C.1.  EES program used to solve Equation (C.10) and (C.13). 
 
{**************************************************************************} 
{This program solves the eqution:   f``+0.5(m+1)ff``+m(1-(f`)^2) = 0,  for            f(0)=0,  f`(0)=0,  
f`(inf)=1} 
 50
 
{set m: flate plate flow m=0,  stagnation flow  m=1,          x_f  refers to the final x value in the 
integration chart} 
 
m=1 
x_f=12 
 
{solve the non-linear differential equation by breaking it down into a system of ODEs} 
 
f``` = -0.5*(m+1)*f*f``-m*(1-(f`)^2) 
f`` = f``_i + integral(f```,x,0,x_f) 
f` = f`_i + integral(f``,x,0,x_f) 
f = f_i + integral(f`,x,0,x_f) 
 
{{for BC}`} 
 
f_i = 0 
f`_i = 0 
f``_i = 1.23129   {for f`(infinity) = 1} 
 
{establish the table in order to display the integrated values} 
 
$Integraltable x:1,f,f`,f``,f```,t``,t`,t 
 
{---------------------------------------------------------------------------------------------------------------------} 
 
{calculate the temperature distribution} 
 
 
 
Pr = .71 
 
{solve the non-linear differential equation by breaking it down into a system of ODEs} 
 
t`` = -(Pr/2)*(m+1)*f*t  `
t` = t`_i + integral(t``,x,0,x_f) 
t = t_i + integral(t`,x,0,x_f) 
 
{for BC} 
 
t_i = 0 
t`_i = 3.01            {for t(infinity) = 1} 
{***************************************************************************} 
 
In the code, the general Falkner Skan equation was modeled.  The Falkner Skan parameter, m, makes it 
possible to model flows at different turning angles.  For a flat plate flow, m = 0; for stagnation flow, m = 1.  
Solutions were found by guessing an initial condition for f’’(0).  Once the f’’(0) guess yeilded output where f’(¥) = 
1, Equation (C.10) was satisfied. 
After a solution was obtained for (C.10), the next step was to solve Equation (C.13).  The system of 
equations was iterated until both boundary conditions (Equation (C.14)) were satisfied.  G(Pr) = Nu ×Re-0.5 = Q’(0) 
was output as the solution.  
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Figure C.2 shows the dimensionless group Nu ×Re-0.5 plotted versus Prandtl number over a large Prandtl 
number range. 
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Figure C.2.  Nu×Re-0.5 versus Pr. 
By fitting the resulting curve with a power law for Pr > 0.05, a relationship is obtained between the Nusselt, 
Reynolds, and Prandtl number.  The correlation is: 
.PrRe56.0 39.05.0=xNu  (C.15) 
For axisymmetric flow, the relationship is: 
.PrRe76.0 4.05.0=xNu  (C.16) 
Compared to Blasius’s flat plate solution of  
33.05.0 PrRe33.0=xNu  (C.17) 
the stagnation flow solutions have the Prandtl number raised to a higher power. 
The higher Prandtl number power for stagnation flow effects the Storey and Jacobi model for frost growth 
at the leading edge of a fin.  The exponent n in the heat and mass analogy 
n
aam Lecphh
-= 1r  (C.18) 
is equivalent to the Prandtl number power in Equations C.15 through C.17.  This exponent is then manifested in the 
G versus t formulation.   
nLe
FoBi
-
=
1
f
t  (C.19) 
For air (Lewis number slightly less than one), increasing the exponent n from 0.33 to 0.4 produces a slight decrease 
in the G.  This is exactly what we see at the leading edge.  The height of the frost layer is not as large as it is further 
downstream.  However, the change of exponent does not produce substantial enough variations in gamma to merit 
further investigation. 
 52
As frost  grows, the stagnation point may become more axisymmetric due to rounding of the frost layer on 
the tip of the leading edge.  For axisymmetric flow, there is a higher Nusselt number (Equation C.16) and more heat 
transfer in the stagnation region.  Melting of the incipient frost occurs more quickly. 
Separation Bubble 
When air comes in contact with a fin, the flow separates from the fin surface very near the leading edge.  
Eventually the air “reattaches” to the fin at a downstream fin location.  When the flow is detached from the fin, a 
free shear layer region is present near the fin surface.  This region between the fin and the free shear layer is called a 
separation bubble (Figure C.3). 
 
Figure C.3.  The separation bubble (Sasaki and Kiya (1990)). 
 
In Figure C.3, the separation bubble is the area of flow recirculation between the leading edge and the reattachment 
length.  The bubble’s length is labeled XR in the schematic.  If transition occurs, the flow recirculation sheds 
vorticies that effect heat transfer downstream; however, the greatest amount of recirculation occurs within the 
bubble.  The velocities at the upper surface of the bubble tend to be greater than the average air velocity.  Near the 
fin, velocities are lower than the bubble’s mean velocity.   
Typically laminar separation bubbles are quite long.  In the experiments conducted by Hazarika and Hirsch 
(1996), the reattachment length for the smallest Reynolds number was found to be 110 mm.  However, reattachment 
depends greatly on the Reynolds number of the flow stream.  Sasaki and Kiya (1990) estimate the length of 
reattachment to be equal to thirteeen times half of the fin thickness (H from Figure C.3) for Reynolds numbers 
within the range: 80 < Re < 320.  Reynolds number is calculated as:   
.
2
Re
n
¥=
HU  (C.20) 
The Reynolds number based upon fin thickness for experiments in this study was calculated to be Re = 60.  
It is estimated that the reattachment length is approximately 5 mm  (X* = 0.035) from the leading edge of the fin.  
However, this reattachment length increases throughout the coarse of an experiment.  As frost builds up on the fin, 
H increases, which increases the Reynolds number.  After the frost grows to a height of 0.75 mm, the reattachment 
length is tripled.   
